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I. INTRODUCTION 
The problem to  be  d iscussed  arises i n  t h e  a p p l i c a t i o n  o f  h i g h  
powered lasers to  the  a t ta inment  of  cont ro l led  thermonuclear  reac- 
t i o n s ,  CTR. I n  t h e  t h e o r e t i c a l  development  of t h i s  area Ste inhauer  
and Ahlstrom'  considered the problem of  heat ing a one-dimensional non- 
uniform plasma with a laser. This  s tudy elucidated the parameters  and 
the  fundamenta l  charac te r  of  the  hea t ing  phenomena i n  a s t a t i o n a r y  
plasma. The term s t a t i o n a r y  p l a s m a  r e f e r s  t o  t h e  l i m i t  i n  which the 
du ra t ion  o f  t he  laser pu l se  i s  much shor t e r  t han  the  acous t i c  t i m e  
based on the length of  the plasma heated and its f ina l  t empera tu re .  
Dawson2, Kidder3,  and Hertzberg4 have proposed the use of a long 
wavelength gas laser t o  h e a t  l a r g e  volumes of plasmas which are mag- 
net ical ly  confined.  Recent  developments  of  high power pulsed COS 
lasers5 wi th  X = 10.61-1 show t h a t   g a s  laser development is becoming 
c o m p e t i t i v e  w i t h  t h e  s o l i d  s ta te  lasers in  the  p roduc t ion  o f  h igh  
energy pulses .  The s ign i f i can t  advan tage  in  us ing  the  long  wave leng th  
as f i r s t  p o i n t e d  o u t  by Dawson, is t h a t  t h e  laser energy can be absorb- 
ed by plasmas a t  d e n s i t i e s  which  can  be  conf ined  in  magnet ic  f ie lds  
t h a t  are c u r r e n t l y  f e a s i b l e .  Vlases and Ahlstrom6 have s tudied the 
thermodynamic, the  absorp t ion ,  and  the  re f rac t ion  problems assoc ia ted  
wi th  us ing  a long wavelength laser p u l s e  t o  h e a t  a long  magnet ica l ly  
confined DT. A necessa ry  cond i t ion  fo r  t he  app l i ca t ion  of t h e  laser 
is the   abso rp t ion  of  t h e  r a d i a t i o n .  The inverse   b remss t rah lung  
mechanism has   been   ex tens ive ly   s tud ied7 '   and   in   addi t ion   nonl inear ' '  
and resonance phenomenal l Y  l 2  have been examined. Thus, the necessary 
cond i t ion  of t he  abso rp t ion  of the  rad ia t ion  has  been  s tudied  essen-  
t ia l ly  independent  of  the geometry of t h e  plasma. 
General Refraction Problem 
When the geometry of a p a r t i c u l a r  scheme is  i n v e s t i g a t e d  i t  be- 
comes o b v i o u s  t h a t  r e f r a c t i o n  e f f e c t s  c a n  p l a y  a dominant  role.  The 
d e n s i t y  g r a d i e n t s  i n  t h e  p l a s m a  may r e f r a c t  t h e  r a d i a t i o n  o u t  o f  t h e  
plasma  before i t  h a s  t r a v e l e d  f a r  enough to  be  absorbed .  The equat ion  
f o r  t h e  i n d e x  of r e f r a c t i o n  i n  a gas  composed of atoms, ions, and 
e l e c t r o n s  i s  
atoms and the ions can be combined so that 
Thus i t  is clear t h a t  f o r  A > 0.51-1 and  ion iza t ion   grea te r   than   10% 
t h a t  il - 1 < 0 where as f o r  an un-ionized gas i! - 1 > 0. Therefore ,  
i n  a n  u n - i o n i z e d  g a s  t h e  r e f r a c t i o n  d e f l e c t s  t h e  beam towards the high- 
er d e n s i t y  b u t  i n  a fu l ly  ion ized  p l a sma  the  index  of r e f r a c t i o n  d e c r e a s e s  
w i t h  i n c r e a s i n g  d e n s i t y  so  t h e  r e f r a c t i o n  d e f l e c t s  t h e  beam towards the 
lower densi ty .  Since a l l  plasmas have ne -t 0 a t  the i r  boundar i e s ,  re- 
f r a c t i o n  c o u l d  p l a y  a dominant r o l e  i n  t h e  a p p l i c a t i o n  of laser r a d i a t i o n  
to  the  p roduc t ion  of CTR. 
The s i m p l e  e q u a t i o n  r e l a t i n g  t h e  r a d i u s  of cu rva tu re  of a r a y ,  R,  
t o  t he  index  of r e f r a c t i o n  g r a d i e n t  is 
where a is the  angle  be tween the  ray  and  the  d i rec t ion  of  grad  5. It 
is p a r t i c u l a r l y  i n t e r e s t i n g  t o  n o t e  t h a t  R -+ 0 a t  the plasma c r i t i c a l  
dens i ty ,  i . e . ,  where the laser frequency equals  the plasma frequency.  
For most laser heated plasmas,  the m a x i m u m  d e n s i t y ,  Pm, w i l l  b e  g r e a t e r  
o r  e q u a l  t o  t h e  c r i t i ca l  d e n s i t y ,  PC. 
In  th i s  paper  only  the  problem of a cy l indr ica l  p lasma wi th  
azimuthal  symmetry i r r a d i a t e d  i n  t h e  a x i a l  d i r e c t i o n  i s  d iscussed .  The 
r e s u l t s  d e v e l o p e d  h e r e  i n d i c a t e  e f f e c t s  t h a t  would be important i n  
o ther  geometr ies  as well ,  and the  gene ra l  t r ends  can  be  ca r r i ed  ove r .  
Unfavorable  Dens i ty  Prof i le  
The most obvious geometry where p(r) i s  p a r a b o l i c  w i t h  Pmax a t  
r = 0 is c o n s i d e r e d  f i r s t .  The r e f r a c t i o n  e f f e c t s  are detr imental  be-  
cause  of  the  unfavorable  dens i ty  grad ien t .  It is  shown t h a t  h e a t i n g  
t h i s  t y p e  of plasma is  v e r y  d i f f i c u l t  due t o  t h e  r e f r a c t i o n  l o s s e s .  
I f  t h e  i n c i d e n t  laser beam is  focused then i t  is  shown t h a t  t h e r e  
e x i s t s  a so lu t ion  where  the  laser beam can be made to  p ropaga te  inde f i -  
n i t e l y  e v e n  i n  a n  u n f a v o r a b l e  d e n s i t y  g r a d i e n t .  R e a l i s t i c a l l y  some 
dev ia t ion  from t h e  i d e a l  case would o c c u r  i n  p r a c t i c e .  When a realis- 
t i c  dev ia t ion  is  al lowed then i t  is shown tha t  t he  p ropaga t ion  d i s t ance  
is improved  by a f a c t o r  of approximately three over  the unfocused case. 
Favorab le  Dens i ty  P ro f i l e  
The o t h e r  p o s s i b i l i t y  which e x i s t s  is  t h a t  t h e  laser beam is  
p ropaga ted  in  a r eg ion  where  the  dens i ty  g rad ien t  i s  f avorab le ,  i .e. ,  
l e a d s  t o  self focus ing .  It  i s  shown t h a t  f o r  a f avorab le  dens i ty  
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v a r i a t i o n  a p a r a l l e l  i n c i d e n t  beam is  trapped as i n  a l i g h t  p i p e .  
S o l u t i o n s  f o r  t h e  wave f r o n t s  i n  a p a r a b o l i c  d e n s i t y  p r o f i l e  are pre- 
sented.   These  solut ions  based  on  geometr ical   opt ics  show t h a t  t h e  
wave f r o n t s  are a series of e l l i p s o i d s  wh ich  co l l apse  in to  a f i l amen t  
on t h e  axis,  then expand outward, turn around and collapse into a 
f i l a m e n t  a g a i n ,  w i t h  t h e  p r o c e s s  b e i n g  r e p e a t e d  o v e r  a n d  o v e r .  D u r i n g  
th i s  p rocess  enve lopes  of t h e  wave f r o n t s ,  c a u s t i c s ,  are formed during 
each  co l lapse  phase .  
There are a number of ways i n  which such a d e n s i t y  p r o f i l e  c o u l d  
be  produced. Two poss ib le  approaches  are c o n s i d e r e d  i n  t h i s  p a p e r .  
For example, i f  a dynamic pinch i s  u s e d  t o  create t h e  i n i t i a l  p l a s m a  
then  the  laser energy addi t ion could be accomplished during the col-  
l apse  phase  of the pinch.  A second approach would be to use a low 
energy laser p u l s e  t o  modify an i n i t i a l  u n f a v o r a b l e  d e n s i t y  d i s t r i b u -  
t i o n  s o  t h a t  t h e r e  is a d e n s i t y  minimum a l o n g  t h e  a x i s .  A one 
d imens iona l  pe r tu rba t ion  so lu t ion  is  presented which shows how t h e  
d e n s i t y  d i s t r i b u t i o n  of a plasma would be affected by a small energy 
add i t ion  ove r  times longe r  than  an  acous t i c  t i m e  based on the  d iameter  
of the  p lasma.  This  so lu t ion  shows t h a t  i t  may i n d e e d  b e  f e a s i b l e  t o  
use a t a i l o r e d  laser p u l s e  so  t h a t  l a r g e  amounts of energy could be 
added to  the  p lasma.  
F i n a l l y  i t  is shown t h a t  i n  a l i g h t  p i p e  c o n f i g u r a t i o n  of t h e  
p l a sma  the  e f f ec t ive  abso rp t ion  l eng th  of the plasma can be reduced 
by as much as an  order  of  magni tude  or  more. 
11. DEFOCUSING I N  A PARABOLIC  DENSITY  PROFILE 
The geometry considered is  a long  cy l ind r i ca l  p l a sma  column wi th  
azimuthal  symmetry and a d e n s i t y  m a x i m u m  on t h e  axis wi th  a monotonic 
d e c r e a s e  o f  t h e  d e n s i t y  i n  t h e  r a d i a l  d i r e c t i o n .  A laser beam is  in -  
c i d e n t  on the plasma column i n  t h e  axial d i rec t ion  where  i t  i s  assumed 
t h a t  t h e  d i f f r a c t i o n  e f f e c t s  c a n  b e  n e g l e c t e d  and t h e  laser beam is i n  
t h e  TEMoo mode wi th  the  in t ens i ty  d i s t r ibu t ion  approx ima ted  by a 
parabola .  The gene ra l   con f igu ra t ion  is shown i n   f i g u r e  (1). It is ac- 
c u r a t e  t o  u s e  g e o m e t r i c a l  o p t i c s  as long as the  p lasma dens i ty  is less 
than  the  c r i t i c a l  dens i ty  and c a u s t i c s  are not  genera ted .  The  equa- 
t i o n s  f o r  t h e  i n t e n s i t y  a n d  t h e  a b s o r p t i o n  must be  mod i f i ed  nea r  t he  
c r i t i ca l  dens i ty  and  caus t i c s  if t h e  d e t a i l s  are d e s i r e d  i n  t h e s e  
loca l i zed  r eg ions .  
The E ikona l  equa t ion  fo r  a c y l i n d r i c a l l y  symmetric geometry i s  
where u co r re sponds   t o  t i m e  and c is the   phase   ve loc i ty .   Th i s  
equat ion  can  be  reduced  to  a d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  r a y s  
d 2 r   d r  2 dc 
dx  dx d r  c----”+[l+(-)  3 - = o  
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where the two boundary condi t ions are t h a t  
r(0) = r0 
"(0) = 0 d r  dx 
The i n t e g r a t i o n  o f  e q u a t i o n  (1) l e a d s  t o  t h e  r a y  e q u a t i o n  
r 
r 
cd r  
x = [ cz( ro) -c2  1 1 / 2  
0 
The phase  ve loc i ty  is given by 
c = c (1 - 5)-l/2 
0 
w 2 
where co is  t h e  s p e e d  o f  l i g h t  i n  a vacuum and 5 = 4 = ,& , t h e  r a t i o  
w PC 
of t h e  d e n s i t y  o f  t h e  p l a s m a  t o  t h e  c r i t i c a l  d e n s i t y  f o r  t h e  p a r t i c u l a r  
laser wave l eng th .  Thus equat ion  (3) becomes 
r d r  
x =  q J
r J 5 , - 5  0 
where 5 = <(ro) and < = C(r) . 
0 
Now i n  o r d e r  t o  e v a l u a t e  t h e  i n t e g r a l  i n  e q u a t i o n  ( 4 ) ,  a pa rabo l i c  
d e n s i t y  v a r i a t i o n  i s  assumed. 
a = 1 corresponds   to  5 = 0 a t  the  edge of the  plasma,  r = a; and 
a < 1 cor responds   t o  5 = (l-a)Gm a t  r = a. Thus ,   fo r  c1 < 1 t h e  d e n s i t y  
p r o f i l e  is f la t te r  as shown i n  f l g u r e  ( 2 ) .  
The ray  equat ion ,  ( 4 )  , us ing  (5) r e d u c e s  t o  
Equation ( 6 )  can  then  be  used  to  de t e rmine  the  d i s t ance  tha t  t he  laser 
beam propagates  a long  the  column. A measure  o f  t h i s  d i s t ance  is t h e  
va lue  of  x f o r  which  one  half  the laser beam ene rgy  has  l e f t  t he  p l a sma  
4 
column, xlI2 . Figure (3) shows t h e  v a r i a t i o n  o f  x1i2/a wi th  a f o r  
t h ree  va lues  of cm . For each of  the values  of  <m a value of  the ab-  
s o r p t i o n  l e n g t h  f o r  X = 10.6 1-1 and Te = 10 KeV is a l so  g iven .  It is 
clear t h a t  t h e  r a d i u s  of the plasma would have to  be very large for  any 
s i g n i f i c a n t  p o r t i o n  of  the energy to  be absorbed a t  10  KeV and that a 
should  be  very  small. 
s ide red  as a f u l l  p a r a b o l i c  p l a s m a  p r o f i l e ,  o? = 1, with  a smaller d ia -  
meter laser beam 9, . For  example, i f  Dp is  the plasma diameter then 
DL/@ = ' / 3  corresponds  to  a 2 / I #  and %/I+ = '/1 o cor responds  to  
a / l o o  .' As long as the   cha rac t e r i s t i c   t he rma l   conduc t ion  time i n   t h e  
lateral directrion i s  much less than  the  long i tud ina l  acous t i c  t i m e ,  t h e  
whole plasma column would be heated. 
ca lcu la t ion  of  the  percentage  of the  energy-absorbed  a t  any given tempera- 
ture .   Figure ( 4 )  shows t h a t  f o r  a GO2 laser and  temperatures   greater   than 
100 e V  a s i g n i f i c a n t  f r a c t i o n  of the energy is not absorbed and a t  10  KeV 
the percentage absorbed i s  neg l ig ib l e .  These  ca l cu la t ions  were done f o r  a 
a = 1.0  cm and a = 0.10. For  la rger  plasma diameters and smaller values of 
a t h e  p i c t u r e  would of course be more favorable. 
It shou ld  be  a l so  be  po in ted  ou t  t ha t  t he  case  a < 1 could be con- 
1 
F i n a l l y ,  f o r  t h i s  c a s e  i t  is  s t ra ight forward  to  make-a  per turba t ion  
111. FOCUSED LASER BEAM 
Now s u p p o s e  f o r  t h e  p a r a b o l i c  d e n s i t y  p r o f i l e ,  t h e  i n c i d e n t  laser 
beam is  focused by a l e n s  s u c h  t h a t  i n  t h e  a b s e n c e  of the plasma the 
f o c a l  p o i n t  would  be a t  x = b as shown i n  f i g u r e  (5) .  Before solving 
t h i s  c a s e  two limits are obvious .  I f  b /a  -f 03 t h e n  t h i s  is the unfocused 
case  d i scussed  in  the  p rev ious  sec t ion .  I f  b / a  -t 0 t h e n  t h e  r a d i a t i o n  
w i l l  t r a v e r s e  t h e  plasma column  and go ou t  t he  o the r  s ide .  So lu t ions  
f o r  f i n i t e  v a l u e s  of  b /a  should  g ive  increased  propagat ion  d is tances ;  in  
f a c t  i t  would seem r e a s o n a b l e  t o  s e a r c h  f o r  
a t i o n  i s  t rapped.  
The boundary conditions are now 
r ( 0 )  = ro 
The s o l u t i o n  f o r  t h i s  c a s e  h a s  t h r e e  f o r m s :  
a so lu t ion  such  tha t  t he  r ad i -  
2 
1 f o r  B > o 
X 
r 
- = y € 1 n ; - h - - }  a 1: a0 f o r  B = 0 
2 
5 
where 
and 
r 
0 
2 1 1 1  
Y =  2 { G ( "  1 ) + 0 - )  
r 'm a2 
1 + -  0 
b2 
For B > 0 t h e  r a y  p a t h s  are overfocused so  t h a t  t h e y  c ~ o s s  o v e r  t h e  
axis and ex i t   f rom  the   p lasma yn the  o the r  s ide .  Fo r  B < 0 t h e  r a y  
pa ths  are underfocused.  For B = 0 a l l  t he   r ay   pa ths   app roach   t he   ax i s  
asymptot ica l ly .   This   condi t ion   then   requi res  
2 
It shou ld  be  no ted  tha t  i n  hea t ing  a plasma, t h i s  t y p e  o f  s o l u t i o n  would 
wou ld  on ly  be  use fu l  i f  t he  cha rac t e r i s t i c  t he rma l  conduc t ion  time i n  
the  la teral  d i r e c t i o n  i s  much less t h a n  t h e  l o n g i t u d i n a l  a c o u s t i c  time 
s o  that  the whole plasma is heated.  
A s  a p r a c t i c a l  matter i t  would be  imposs ib le  t o  s a t i s f y  e q u a t i o n  (11) 
exac t ly .  Thus i t  is of i n t e r e s t  t o  examine  the  e f f ec t  o f  an  e r ro r  i n  e .g .  
a . Equations (8) and  (10)  give 
x1 
I 2  cons t . 
" 
a 
where a ,  is  t h e  c o r r e c t  v a l u e  f o r  e q u a t i o n  (11) t o  b e  s a t i s f i e d .  It i s  
e a s i l y  s e e n  t h a t  o n l y  a small e r r o r  i n  s p e c i f y i n g  a l e a d s  t o  v a l u e s  
x1 , /a c l o s e  t o  those   ob ta ined   i n   t he   un focused  case. F igure  ( 6 )  shows 
t h  iL v a r i a t i o n  of x1 /a vs a f o r  a-a, = 0 . 1 0 ~ ~ ~  and 0 . 0 1 ~ ~ ~ .  
I 2  
I V .  REFRACTION I N  A FAVORABLE  DENSITY  PROFILE 
It is  clear t h a t  i f  t h e  d e n s i t y  p r o f i l e  h a s  a minimum the  r ays  w i l l  
b e  r e f r a c t e d  i n t o  t h i s  r e g i o n .  It may e v e n  b e  p o s s i b l e  t o  t r a p  t h e  r a y s  
i n  a minimum dens i ty  reg ion .  The conf igura t ion  cons idered  is  t h e  same as 
t h a t  of Section I1 except  now i t  is  assumed t h a t  a dens i ty  minimum e x i s t s .  
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I n  t h i s  case it is both  convenient  and  in te res t ing  t o  use  the  equa t ions  
i n  t h e i r  c h a r a c t e r i s t i c  f o r m  s o  t h a t  
and 
dx 2 
d s  c ( 1 - 5(r0) 1 " 9 2  "
0 
Cons ide r  t he  dens i ty  va r i a t ion  shown i n  f i g u r e  (7). From equat ion  (12) 
i t  is clear t h a t  any   ray   en ter ing   the  column wi th  r l  ro * r2 and 
dr /dx (0) = 0 w i l l  b e  t r a p p e d  i n  t h i s  minimum region .  Such a configura- 
t i on  cou ld  then  be  ca l l ed  a " l i g h t  p i p e "  s i n c e  t h e  l i g h t  is  t r a p p e d  i n  
the plasma column. 
In  order  to  s tudy  the  behavior  of t h e  r a d i a t i o n  i n  a minimum region  
i n  more d e t a i l ,  it is  i n s t r u c t i v e  t o  assume a s p e c i f i c  d e n s i t y  p r o f i l e  
and so lve  equat ions  (12)  and  (13)  for  the  ray  pa ths  and  the  wave f r o n t s .  
The dens i ty  va r i a t ion  chosen  is 
This is  a parabol ic   curve   wi th  a t  r = 0 and i?, = 1 .0   o r  p = pc a t  
r = a. The r a d i u s  of t h e  laser beam is  aga in  assumed t o  b e  e q u a l  t o  a. 
The e q u a t i o n  f o r  t h e  r a y s  is then 
x/ a 1 
and the  equat ion  for  the  wave f r o n t s  is 
2 
(x/a> + 1 =  
0 (cos a) 2 
1 
2 s (1-5J / 2  
where CT = c a  . Note 
0 
a l r eady  shown t h a t  a l l  the  r ays  
t h a t  s t i m e .  The general   proof   has  
would b e  t r a p p e d  i n  t h i s  case which i s  
confirmed by e q u a t i o n  ( 1 5 ) .  F o r  t h i s  p a r a b o l i c  d e n s i t y  p r o f i l e  a l l  t h e  
r ays  are cos ine  func t ions  where  the  wave l e n g t h  o f  t h e  o s c i l l a t i n g  r a y s  
goes  to  ze ro  as ro + a. The wave f r o n t s  are e l l i p s o i d s  w h e r e  t h e  i n i t i a l  
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manifold i s  t h e   p l a n e  x = 0, r a. The l o n g i t u d i n a l  axis of t h e  e l l i p -  
t i ca l  wave f r o n t  grows l i n e a r l y  w i t h  time and  the  l eng th  o f  t he  r ad ia l  
axis o s c i l l a t e s  w i t h  t i m e .  S e v e r a l  c h a r a c t e r i s t i c  wave f r o n t s  are shown 
i n  f i g u r e  (8). The wave f r o n t s  a l t e r n a t e l y  c o l l a p s e  a n d  e x p a n d  i n  t h e  
f avorab le  dens i ty  va r i a t ion  r eg ion .  Th i s  behav io r  l eads  to  a series of 
envelopes o r  caus t i c s  and  f i l amen t s  a long  the  axis where according to  
g e o m e t r i c a l  o p t i c s  i n f i n i t e  i n t e n s i t i e s  would be  produced. The  geometry 
o f  t h e  c a u s t i c s  is shown i n  f i g u r e  (9) .  
V. CREATION OF THE FAVORABLE  DENSITY  PROFILE 
There are many ways i n  wh ich  the  f avorab le  dens i ty  p ro f i l e  cou ld  be  
generated.  The col lapse phase of  a pinch type device and the use of se- 
lective volume h e a t  a d d i t i o n  are d i s c u s s e d .  I n  r e f e r e n c e  6 i t  has been 
sugges t ed  tha t  t he  laser hea t ing  of a dense ,  re la t ive ly  co ld  8-p inch  
plasma is  a very  attractive p o s s i b i l i t y  f o r  t h e  p r o d u c t i o n  o f  CTR. The 
8-pinch produces a quas i - s t a t i c  p l a sma  wi th  an  un favorab le  dens i ty  p ro f i l e .  
However, i f  t h e  laser were f i r e d  i n t o  t h e  & p i n c h  j u s t  b e f o r e  t h e  implo- 
s i o n ,  t h e  d e n s i t y  p r o f i l e  w o u l d  t h e n  b e  l i k e  t h e  s o l i d  l i n e  i n  f i g u r e  ( 1 0 ) .  
This i s  a f avorab le  p ro f i l e ,  hav ing  a s t r o n g  d e n s i t y  minimum on  the  ax i s .  
Hence t h e  laser beam would be trapped and remain i n  t h e  p l a s m a .  However, 
such an approach would require a laser p u l s e  s h o r t e r  t h a n  t h e  time f o r  
the imploding wave t o  c o l l a p s e  t h r o u g h  a d i s t a n c e  e q u a l  t o  t h e  r a d i u s  of 
t h e  beam. 
then  the  dens i ty  p ro f i l e  wou ld  co r re spond  to  the  r e f l ec t ed  shock  f rom the  
implos ion .  Th i s  dens i ty  p ro f i l e  i s  shown as t h e  d a s h e d  l i n e  i n  f i g u r e  
(10) .  This  approach would require  that  the durat ion of  the laser p u l s e  
be less than  the  propagat ion  time o f  the  r e f l ec t ed  shock  wave a c r o s s  t h e  
plasma. 
u n f a v o r a b l e  d e n s i t y  p r o f i l e  by some mechanism of selective volume energy 
add i t ion .  The added  energy  would  produce a pressure  imbalance  tha t  could  
l e a d  t o  r e d i s t r i b u t i o n  of the plasma and a f a v o r a b l e  d e n s i t y  p r o f i l e  f o r  
t r app ing  the  laser beam. The obvious means of  depos i t ing  the  energy  is 
t h e  laser, b u t  i t  h a s  j u s t  b e e n  shown t h a t  t h e  laser beam is quickly  re- 
f rac ted  out  of  the  p lasma column fo r  any  va lue  o f  < of p r a c t i c a l  i n t e r e s t  
f o r  f u s i o n .  However, i t  shou ld  be  no ted  tha t  a massive r e d i s t r i b u t i o n  o f  
the  dens i ty  can  be  achieved  by doubling the plasma energy. If t h e  i n i t i a l  
temperature  is 100 e V  t h e n  t h i s  r e p r e s e n t s  o n l y  1% of the  energy  requi red  
to  achieve  10  KeV. I f  the  hea t ing  f rom 100 e V  t o  200 e V  were .done i n  a 
way that-  produces a f avorab le  dens i ty  p ro f i l e ,  t hen  the  r ema inde r  o f  t he  
hea t ing  ( to  10  KeV) cou ld  be  done  ve ry  e f f i c i en t ly ,  s ince  the re  would be  
no r e f r a c t i o n  l o s s e s .  I n e f f i c i e n c i e s  i n  t h e  h e a t i n g  t o  200 e V  could be 
t o l e r a t e d  s i n c e  t h i s  r e p r e s e n t s  o n l y  1% of  the  to t a l  ene rgy  r equ i r ed .  
I f  t h e  laser were f i r e d  i n t o  t h e  & p i n c h  j u s t  a f t e r  t h e  i m p l o s i o n ,  
Another approach which is very promising i s  to  mod i fy  an  ex i s t ing  
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Figure  (3)  shows t h a t  i f  t h e  i n i t i a l  p l a s m a  column h a s  n %ax 
= 5 x 10' * /cm3 and CY = 0.10  then  for  a C02 laser, A = 10.61.1 , one half  
t h e  laser beam would have l e f t  t h e  column i n  t h r e e  plasma r a d i i .  How- 
ever, i f  1.1 = l. 06 co r re spond ing   t o  a Nd' laser then- x1 / 2 z 
a 
Figure  (11) shows t h a t  80% of the  ene rgy  f rom the  Nd+ laser p u l s e  would 
be absorbed.  Therefore  the heat ing could be done with two laser pu l ses ,  
a small ene rgy  shor t  du ra t ion  1.06~ p u l s e  t o  t a i l o r  t h e  d e n s i t y  p r o f i l e  
and a l a rge  ene rgy  10.61.1 p u l s e  t o  a c h i e v e  t h e  f i n a l  t e m p e r a t u r e .  
made by  examining  the  dens i ty  prof i le  c rea ted  by a c y l i n d r i c a l  laser beam 
i n  a uniform plasma. The case where cSp/po << 1 w a s  s t u d i e d  by Raher . 
Based on h i s  work, i t  can be shown t h a t  f o r  laser pu l ses  longe r  than  the  
t i m e  f o r  a n  a c o u s t i c  wave t o  traverse t h e  beam, tpcs/a >> 1, t h e  d e n s i t y  
change i s  g iven  by 
An estimate o f  t h e  e n e r g y  r e q u i r e d  f o r  t h e  d e n s i t y  t a i l o r i n g  c a n  b e  
1 3  
6 Jo/A 5 4. = 1.73 x l o 5  -- I(r) 6 
0 Te 
5 / 2  max 
where I ( r )  is the  beam i n t e n s i t y   p r o f i l e ,  and i s  t h e  m a x i m u m  in-  
t e n s i t y .  Here i t  has  been assumed t h a t  t h e  a b s o r p t i o n  l e n g t h  i s  long 
compared t o  t h e  r a d i u s  o f  t h e  beam, and l i nea r i zed  f lu id  mechan ics  is  
used  to  eva lua te  the  mot ion .  The d e n s i t y  p r o f i l e  t h a t  would be  produced 
by a laser beam wi th  a p a r a b o l i c  i n t e n s i t y  p r o f i l e  is shown i n  f i g u r e  ( 1 2 ) .  
For p r a c t i c a l  v a l u e s ,  e . g . ,  Jo = 1 j o u l e  a t  1 . 0 6 ~ ~  A = 3 mm2, 5 = ' /2  and 
Te = l o 2  eV; then 6p/po = O(1) .  This  ca lcu la t ion  is va luable  only  as an  
order of magnitude estimate b u t  i t  does  ind ica t e  tha t  a s i z a b l e  d e n s i t y  
I 1  hollow" can be produced by a moderately small laser pu l se .  
It is  i n t e r e s t i n g  t o  n o t e  t h a t  o n c e  a f a v o r a b l e  d e n s i t y  p r o f i l e  h a s  
been  produced  the  addi t iona l  energy  absorp t ion  due  to  an  inc ident  
Gaussian laser beam w i l l  con t inue  to  push mass towards the outer edge of 
t he  beam. This problem is  very  similar to the thermal blooming problem' 4'1 
which is expe r i enced  in  the  p ropaga t ion  of a laser beam through the atmos- 
phere.  The fundamental   and  convenient   dif ference is t h a t  i n  t h e  case of a 
fu l ly   i on ized   p l a sma   t he  laser beam i s  t rapped  because - 1 -ne. 
V I .  ABSORPTION LENGTH W I T H  A FAVORABLE  DENSITY PROFILE 
It is o f  i n t e r e s t  t o  compare t h e  a b s o r p t i o n  l e n g t h  i n  a uniform plasma 
t o  t h e  a b s o r p t i o n  l e n g t h  i n  t h e  p l a s m a  w i t h  a f a v o r a b l e  d e n s i t y  p r o f i l e .  
N a t u r a l l y ,  t h e  a b s o r p t i o n  l e n g t h  i n  t h e  " l i g h t  p i p e "  is n o t  a c l e a r l y  de- 
f ined  quan t i ty .  The r ays  o f  t he  laser beam t h a t  e n t e r  t h e  c e n t r a l  r e g i o n  
where  the  dens i ty  is lowest  w i l l  experience weaker  absorpt ion than those 
r ays  wh ich  en te r  nea r  t he  pe r iphe ry  - at  a higher  densi ty .  Furthermore,  
a l l  rays which do n o t  e n t e r  a t  t h e  d e n s i t y  minimum w i l l  o s c i l l a t e  b a c k  and 
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and fo r th  ac ross  the  p l a sma  as they move down i t s  l eng th .  Thus, at any 
p o i n t  i n  t h e  column o n e  f i n d s  a s t range  conglomera t ion  of  rays ,  whose 
i n t e n s i t y  h a s  b e e n  damped by widely varying amounts, and whose position 
seems t o  h a v e  n o  r e l a t i o n s h i p  t o  t h e  o r i g i n  o f  t h e  r a y s .  
such a plasma is t o  c a l c u l a t e  how t h e  o v e r a l l  laser power d i m i n i s h e s  i n  
moving down the plasma column. The approach i s  t o  f i n d  f i r s t  how each 
bundle of r ays  has  d imin i shed  in  in t ens i ty .  Cons ide r  an  annu la r  bund le  
of r ays  o f  equa l  i n t ens i ty .  
The  appropr ia te  way to measure  an  "e f f ec t ive"  abso rp t ion  l eng th  fo r  
Where dW(x,ro) i s  t h e  power a t  x of t h e  r a d i a t i o n  t h a t  e n t e r e d  t h e  
plasma between the circles r = ro and r = ro + d r o .  I ( r o )  i s  the  in -  
t e n s i t y  p r o f i l e  of t h e  laser; K(r) i s  the  abso rp t ion  coe f f i c i en t ,  and  
d s  is an  incrementa l  d i s tance  a long  the  ray  which  began  a t  ro. The t o t a l  
power i n  t h e  c r o s s  s e c t i o n  a t  x i s  found by i n t e g r a t i n g  dW over  a l l  ro. 
exp [- Kds] rodro  
X 
The e f f e c t i v e  a b s o r p t i o n  l e n g t h  c a n  b e  c a l c u l a t e d  by performing the 
i n t e g r a l  ( 1 8 )  f o r  a p a r t i c u l a r  d e n s i t y  p r o f i l e .  Weak o s c i l l a t o r y  terms 
w i l l  arise i n  t h e  c a l c u l a t i o n  of W(x) but  these  should  be  neglec ted  g iv-  
ing w(x) .  The e f f e c t i v e  a b s o r p t i o n  l e n g t h  i s  then  g iven  by 
Calculat ion of  geff /c0T w a s  per formed for  the  favorable  parabol ic  dens i ty  
equation  (14)  using two d i f f e r e n t  i n t e n s i t y  p r o f i l e s  I(ro) "21 - ( r / a ) '  
which  approximates  the TEMoo mode, and I ( r o )   ( r / a )   [ l - ( r / a )  ] which  ap- 
proximates  the TEMoWl mode. co is t h e  s p e e d  o f  l i g h t  i n  a vacuum and T 
is t h e  e l e c t r o n - i o n  c o l l i s i o n  time. The r e s u l t s  are p r e s e n t e d  i n  f i g u r e  
(13) where they are compared t o  t h e  a b s o r p t i o n  l e n g t h  i n  a uniform plasma 
a t  a d e n s i t y  e q u a l  t o  t h e  minimum d e n s i t y  of t h e  f a v o r a b l e  p r o f i l e .  I t  
i s  s e e n  t h a t  t h e r e  is a s i g n i f i c a n t  enhancement of t h e  a b s o r p t i o n  l e n g t h .  
I n  f a c t  t h e r e  is a n  a c t u a l  maximum absorpt ion length which occurs  approxi-  
mately when t h e  minimum dens i ty  is h a l f  t h e  cr i t ical  dens i ty .  There  i s  a t  
least an  o rde r  of magn i tude  dec rease  in  the  abso rp t ion  l eng th  fo r  a l l  
d e n s i t i e s  less than  about  0 .4  of t h e  c r i t i c a l  dens i ty .  
t ion ,  bu t  reduces  the  absorp t ion  lengths  cons iderably  f rom the  of ten  
inconvenient ly  long lengths  which arise i n  a uniform density plasma. 
h 
Thus, i t  i s  s e e n  t h a t  t h e  l i g h t  p i p e  n o t  o n l y  t r a p s  t h e  laser rad ia-  
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VII. SUMMARY AND CONCLUSIONS 
The problem of propagating a laser beam a long  a l o n g  c y l i n d r i c a l l y  
symmetrical  column of  fu l ly  ion ized  p lasmas  has  been  cons idered  us ing  
geomet r i ca l  op t i c s .  Fo r  the  case where  the  dens i ty  has  a maximum on the 
axis a n d  d e c r e a s e s  m o n o t o n i c a l l y  i n  t h e  r a d i a l  d i r e c t i o n  t h e  r a y  p a t h s  
are re f r ac t ed  ou t  o f  t he  p l a sma  column.  The s o l u t i o n s  show t h a t  i t  is 
v e r y  d i f f i c u l t  t o  h e a t  a long plasma column wi th  th i s  un favorab le  dens i ty  
p r o f i l e .  By focus ing  the  inc iden t  laser beam it  is t h e o r e t i c a l l y  p o s s i b l e  
t o  k e e p  t h e  l i g h t  f r o m  b e i n g  r e f r a c t e d  o u t  of the plasma column.  However, 
t h i s  s o l u t i o n  c a n  b e  compared t o  f i n d i n g  a n e u t r a l  s t a b i l i t y  p o i n t  i n  t h e  
middle  of  an unstable  region.  So t h a t  any  dev ia t ion  l eads  to  a very  
r a p i d  r e f r a c t i o n  of t h e  laser beam ou t  of the plasma. 
A " l i g h t  p i p e "  e f f e c t  is found i f  t h e r e  is a d e n s i t y  minimum. For 
the  gene ra l  case of a d e n s i t y  minimum i t  is shown t h a t  a p a r a l l e l  i n c i d e n t  
beam is trapped by the  plasma  column. A s p e c i a l  case where the densi ty  
v a r i a t i o n  is  pa rabo l i c  is considered,  and the solut ion shows t h a t  t h e  
wave f r o n t s  are a series of e l l i p s o i d s  which f i r s t  c o l l a p s e  i n t o  a f i l a -  
ment  on the  ax i s ,  t hen  expand out  aga ins t  the  increas ingly  dens i ty ,  then  
r e f l e c t  and a g a i n  c o l l a p s e  i n t o  a f i lament  on  the  ax is .  This  process  i s  
repea ted  over  and  over  aga in  unt i l  the  energy  i s  e i ther  absorbed  or  i s  
propagated  out  the  end of the  plasma  column.  During  each  collapse  phase 
of the propagat ion,  envelopes of t he  wave f r o n t s  are formed  where t h e  
i n t e n s i t y  becomes ve ry  l a rge .  The i n t e n s i t y  is a l s o  v e r y  l a r g e  i n  t h e  
f i l amen t s  on  the  ax i s .  The use  o f  geomet r i ca l  op t i c s  i n  these  loca l i zed  
reg ions  is n o t  c o r r e c t  f o r  c a l c u l a t i n g  e i t h e r  t h e  i n t e n s i t y  o r  t h e  a b s o r p -  
t i o n .  
F i n a l l y  i t  is shown t h a t  f o r  t h e  " l i g h t  p i p e "  s o l u t i o n s  t h e r e  is a 
s i g n i f i c a n t  d e c r e a s e  i n  t h e  e f f e c t i v e  a b s o r p t i o n  l e n g t h  d u e  t o  t h e  r a y s  
osc i l l a t ing  back  and  fo r th  ac ross  the  p l a sma .  It i s  c l ea r  f rom these  
s o l u t i o n s  t h a t  t h e r e  are v e r y  s i g n i f i c a n t  a d v a n t a g e s  t o  t h e  l i g h t  p i p e  
conf igu ra t ion  fo r  t he  p roduc t ion  o f  a thermonuclear plasma. 
and t h e  n e c e s s i t y  of t h e  a d d i t i o n a l  s t u d i e s  which are proceeding. 
These  s tud ie s  are ve ry  encourag ing  and  d i c t a t e  t he  des i r ab i l i t y  
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